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Abstract

Diurnal variations of upper tropospheric humidity (UTH) as well as middle tropospheric
humidity (MTH) were examined in conjunction with the diurnal cycle of convection over
tropical Africa and the adjacent tropical Atlantic Ocean using Meteosat-8 measure-
ments. Cloud and humidity features were also tracked to document the diurnal varia-
tions of humidity and clouds in the Lagrangian framework.

A distinct diurnal variation of UTH (and MTH) is noted over regions where tropical
deep convective cloud systems are commonly observed. The amplitude of the UTH
diurnal variation is larger over land, while its variations over convectively inactive sub-
tropical regions are much smaller. The diurnal variation of UTH tends to peak during
nighttime over land, lagging deep convection and high cloud whose maxima occurred
in the late afternoon and the evening, respectively. The time lag between the maximum
UTH and deep convection/high cloud maxima over the ocean appears to be longer in
comparison to that found over land. It was also indicated that both the UTH (and MTH)
and the cirrus anvil cloud show a variation which is in phase, implying that moistening
of the upper troposphere is closely linked to process of development and dissipation of
deep convective clouds.

1 Introduction

The diurnal variation associated with the solar heating cycle is one of the most fun-
damental components accounting for variability in the weather and climate systems.
Numerous observational studies have documented diurnal variations of deep convec-
tion, precipitation, cloudiness, outgoing longwave radiation, and upper tropospheric di-
vergence over the tropics (e.g. Gray and Jacobson, 1977; Duvel and Kandel, 1985;
Hendon and Woodberry, 1993; Kondragunta and Gruber, 1996; Chen and Houze,
1997; Yang and Slingo, 2001; Nesbitt and Zipser, 2003; Schmetz et al., 2005; Yang
and Smith, 2006). Previous studies commonly show that the amplitude of the diurnal
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variation is larger over land than over the open oceans, and that most land regions
exhibit the diurnal maxima during the afternoon-evening period. However, it has been
reported that there exist significant differences in the timing of the diurnal maximum
over the ocean, leading to various hypotheses for explaining the diurnal variation of
oceanic deep convection (e.g. Gray and Jacobson, 1977; Randall et al., 1991; Chen
and Houze, 1997).

The variability of water vapour at various spatio-temporal scales has been an impor-
tant issue in climate study because of its association with radiative cooling and latent
heating and its interactions with the cloud system (e.g. Bates et al., 2001; Sohn and
Schmetz, 2004; Zveryaev and Allan, 2005). However, our understanding of the dis-
tribution, maintenance, and variation in water vapour is still far from being complete.
In particular, the diurnal variation of water vapour in the upper troposphere is not fully
understood, despite its importance in regulating/modulating outgoing longwave radia-
tion. A couple of studies were conducted using radiosonde observations (e.g. Dai et
al., 2002; Machado et al., 2002), however, these results represent only a local area
mainly over land at a given specific period. Furthermore, the accuracy of radiosonde-
observed water vapour concentrations in the upper troposphere is not very high (e.g.
Gaffen et al., 1991).

While more frequent measurements of water vapour channel radiances from geo-
stationary satellites significantly improved the sampling problem of conventional ra-
diosonde observations, there is little literature discussing the diurnal variation of water
vapour in the upper troposphere. Udelhofen and Hartmann (1995) studied the diur-
nal variation of upper tropospheric humidity (UTH) from four days of hourly GOES-7
6.7 um radiance measurements with a spatial resolution of 8x16 km and showed that
the UTH diurnal variation lags the diurnal cycle of upper tropospheric clouds by about
8h. Using three months of hourly GOES-7 6.7 um water vapour channel measure-
ments, Soden (2000) reported a clear contrast in the phase relationship between land
and ocean. While variations of high cloud and UTH appear to occur in phase with
changes in deep convection over land, there exists a 12-h out-of-phase relationship
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with changes in deep convection over the ocean. The results from those two studies
were based on measurements over the tropical Americas and the adjacent oceans.
More recently Tian et al. (2004) investigated the UTH variations over the entire tropics
using three hourly 0.1°x0.1° gridded water vapour and window channel radiances from
multiple geostationary satellites. They reported that UTH tends to peak around mid-
night over the ocean and 03:00 local time (LT) over land. In this research, extending
these studies with more comprehensive measurements of the European Meteosat-8
satellite (Schmetz et al., 2002b), we intend to document diurnal variations over the
largest land mass over the tropics, namely tropical Africa, and try to understand the
physical mechanisms inducing the diurnal variation over the Africa-Atlantic Ocean area.

From comparative studies of the diurnal variation of UTH with those of deep con-
vection and high cloud, it was shown that high cloud precedes UTH and lags deep
convection (Soden, 2000; Tian et al., 2004). These studies further suggested that the
upper troposphere is moistened by the evaporation of hydrometeors detrained from
deep convection centres, where the results were based at individual grid points or in
the Eulerian framework. By contrast, however, UTH and high cloud tendencies follow-
ing the convective system (i.e., in the Lagrangian framework) have the same phase
(Soden, 2004), implying that the upper troposphere is moistened by the same dynam-
ical mechanisms responsible for high cloud development, as suggested by Sherwood
(1999), and Luo and Rossow (2004).

Recent Meteosat-8 measurements provide an opportunity to examine such con-
trasting views concerning the upper tropospheric moistening processes because Me-
teosat’s high spatial and temporal resolution enables an examination of their relation-
ships not only in an Eulerian perspective but also in a Lagrangian perspective. In
summary, this study intends to investigate the diurnal variation of UTH (and middle
tropospheric humidity: MTH) and its relation to deep convection and high cloudiness
over tropical Africa and the adjacent tropical Atlantic Ocean using Meteosat-8 mea-
surements in both Eulerian and Lagrangian frameworks.
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2 Data and methodology
2.1 Data

Meteosat-8, which is geostationary above 0° longitude, scans the full disk of the earth
with an imaging repeat cycle of 15min and with a 3km spatial resolution for IR chan-
nels. Out of twelve channels of the Meteosat-8 Spinning Enhanced Visible and Infrared
Imager (SEVIRI) instrument we use radiance measurements from the channels cen-
tred at 6.2, 7.3, and 10.8 um for UTH, MTH, and cloud classification, respectively. De-
tailed information on the SEVIRI channel characteristics can be found in Schmetz et al.
(2002b). The Level 1.5 images for July 2004 and January 2005 are analysed, particu-
larly over tropical Africa and the adjacent tropical Atlantic Ocean within the 30°N-30°S,
50°E-50°W analysis domain.

2.2 Precipitation index, high cloud, and UTH

The 10.8 um window channel equivalent blackbody or brightness temperature (TB;4)
is used to determine the degree of deep convection and high cloud fraction. Hendon
and Woodberry (1993) defined the deep convective index [referred to as a precipitation
index (PI) in Tian et al. (2004)] based on the empirical relationship that colder cloud
top temperatures are closely linked to heavier precipitation, i.e.:

Pl=a(230 - TB4,), if TB{;<230K (1)

where “a” is the proportional constant. Although “a” was determined from the time-
mean of the zonal average throughout the tropics, Eq. (1) has been applied with suc-
cess to study the diurnal variation of tropical convection (e.g. Hendon and Woodberry,
1998; Yang and Slingo, 2001; Tian et al., 2004). In this study, we apply Eq. (1) to each
2.5°x2.5° grid box to infer the tropical precipitation associated with deep convection.
For the high cloud fraction (HC), a value of 260 K of TB44 is used as a threshold
(Chen and Houze, 1997; Tian et al., 2004), which roughly corresponds to a level of
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around 440 hPa in the tropics (McClatchey et al., 1971). In this study, the high cloud
cover, defined as the percentage of pixels lower than 260K in a 2.5°x2.5° grid box,
is further divided into deep convective cloud (DC, TB¢;< 230K) and cirrus anvil cloud
(CAC, 230K < TB41< 260K) as in Tian et al. (2004).

The UTH is defined as the approximate mean relative humidity over a layer between
500 hPa and 200 hPa in clear sky. It was shown that the brightness temperatures of
the water vapour channel centred at 6.2 um (TB,yy) is linearly related to the natural
logarithm of UTH divided by the cosine of the viewing angle 6 (Soden and Bretherton,
1993), i.e.:

In (UTH/cos6)=a + bTByy (2)

For the determination of coefficients “a” and “b” we follow the method outlined by
Schmetz et al. (1995). First, temperature profiles are taken from the NCEP/NCAR
Reanalysis (Kalnay et al., 1996) to account for the effect of the temperature lapse rate
on the UTH. In a second step, two sets of constant humidity profiles of 40% and 5%
relative humidity are assumed between 1000 hPa and 100hPa. These temperature
and humidity profiles are now inserted into the Synthetic Satellite Radiances (SYN-
SATRAD) radiative transfer model (Tjemkes and Schmetz, 1997) in order to simulate
TByy- The coefficients “@” and “b” at each grid point are determined by relating two
simulated TBy,, at UTH of 40% and of 5%. The UTH estimation is only possible if
clouds are absent in the high and middle levels. Thus the term “clear sky” used for
the UTH estimation refers no cloud condition above about the 800 hPa level. A linear
relationship approach similar to Eq. (2) is also applied to the 7.3 um channel brightness
temperatures for the MTH estimate.

2.3 Data analysis

A harmonic analysis is conducted to study the diurnal variations of the precipitation

index (PI), high cloud (HC), deep convective cloud (DC), cirrus anvil cloud (CAC), and

free tropospheric humidity (UTH and MTH). Since these variables, at the local time of a
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given day and over a given region, consist of both the diurnal cycle and weather noise,
it is necessary to smooth out the weather noise using a large sample size (Duvel and
Kandel, 1985). In doing so, daily composites are first prepared by averaging those
fields at each hour for a one month period at each grid point. Then, the amplitude and
phase of the first diurnal (24 h) harmonic are estimated by decomposing the obtained
daily composite using Fourier analysis.

The phase of the first diurnal harmonic is given at the local time, showing the local
maximum time for the variable. The results obtained are presented in the following
figures using a harmonic dial in which the length of an arrow indicates the amplitude
of the first harmonic. The phase showing the maximum can be determined from the
orientation of the arrow with respect to a 24-h clock. For example, upward, right, down-
ward, and left pointing arrows denote the maximum at 00:00 LT (midnight), 06:00 LT
(dawn), 12:00 LT (noon), and 18:00 LT (sunset), respectively.

We also decompose these variables into a set of empirical orthogonal functions
(EOFs) in order to examine significant spatial and temporal features controlling the
diurnal variations, from which possible physical processes responsible for diurnal vari-
ation can be inferred.

3 Diurnal variation in Eulerian framework

A harmonic and EOF analysis are conducted for July 2004 (hereafter July) and January
2005 (hereafter January) at each 2.5°x2.5° grid point to document the diurnal variation
of PI, HC, DC, CAC, UTH, and MTH over tropical Africa and the adjacent Atlantic
Ocean.

The geographical distributions of the monthly mean TBy; (K) and UTH (%) for July
(left panels) and January (right panels) are presented in Fig. 1. The monthly mean
200 hPa wind fields (m s'1) from the NCEP/NCAR Reanalysis are superposed on the
UTH field. The distributions of TB¢; lower than 270K are located in Central Africa,
the Ethiopian highlands, and West Africa from the Guinea coast to the western Sahel
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in July, reflecting convective regions along the intertropical convergence zone (ITCZ).
These regions are zonally elongated over North Africa. In January, local minima are
found in South Africa (e.g. Zaire, Angola, and Zambia) and Brazil, indicating the move-
ment of the convective regions associated with the progress of seasons.

Monthly mean UTH distributions for both months (i.e., July and January) show sim-
ilar patterns to those of TB44. It is noted that there is a close resemblance between
cold TBy; (<270K) and high UTH (>50%). Also noted is the probable influence of
large-scale circulation on the UTH distribution. The upper easterly winds and UTH dis-
tributions in July suggest that the upper troposphere over the tropical Atlantic Ocean
is influenced by cloud or moisture detrained from deep convection centres over West
Africa. On the other hand, prevalent westerlies over the Atlantic Ocean in January may
imply that convection in Amazonia and its associated water vapour distribution likely
affect the diurnal variation over the Atlantic Ocean.

3.1 Harmonic analysis

Figure 2 presents the diurnal amplitudes and phases of PI, DC, CAC, and UTH in July.
HC and MTH are not shown because HC is the sum of DC and CAC, and because
MTH features are very similar to those for UTH. The orientation of the arrow using a
24-h clock indicates the diurnal phase showing the local time of maximum. For exam-
ple, upward and downward pointing arrows denote the maximum at 00:00 LT (midnight)
and 12:00 LT (noon), respectively. Large diurnal variations are observed over the land
areas such as Central Africa, Ethiopian highlands, and the west coast around Guinea
and Senegal, corresponding to highly convective areas. Such geographical distribu-
tions were also noted by other diurnal variation studies (e.g. Duvel and Kandel, 1985;
Duvel, 1989; Machado et al., 1993; Yang and Slingo, 2001; Tian et al., 2004). The
largest amplitudes (Pl: ~11 mm day‘1, HC: ~16%, DC: ~10%, CAC: ~11%, UTH:
~7%, MTH: ~7.5%) tend to occur over elevated terrain areas such as the Ethiopian
highlands and Central Africa (Duvel, 1989; Yang and Slingo, 2001). On the other hand,
diurnal variations over the convectively inactive subtropical regions appear to be com-
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paratively weak.

During July, the Pl maxima occur in the late afternoon to evening period over the
convective regions of the land. These are consistent with the local time of precipita-
tion maximum obtained from raingauge measurements in the sub-Sahel area (Pinker
et al., 2006). Also found are significant regional variations of the PI phase and ampli-
tude, probably caused by orographic influences and mean easterly winds (Duvel, 1989;
Yang and Slingo, 2001). By contrast, the maximum rainfall tends to occur during early
morning hours (~06:00 LT) over the open oceans. The morning preference of oceanic
rainfall is consistent with previous studies using passive microwave measurements or
radar observations (e.g. Imaoka and Spencer, 2000; Nesbitt and Zipser, 2003; Yang
and Smith, 2006). Peaks around the noon to afternoon period are noted over the
coastal regions such as the Gulf of Guinea and the offshore regions near the western
Sahel. These peaks can be explained by topographical influences on rain formation,
as noted in previous studies (e.g. Gambheer and Bhat, 2001; Yang and Slingo, 2001;
Zuidema, 2003).

The phases and amplitudes of the diurnal variation of DC are given in Fig. 2b. De-
spite a rather different definition, the timing of the maximum DC is very similar to that
for Pl. However, the number of harmonic dials showing the morning peak decreases
in comparison to the PI. It is also noted that the ratio of diurnal amplitude between the
offshore area and the open oceans is larger than the PI.

The CAC also shows a clear land-sea contrast in phase. The CAC peaks over the
land are found during the night (00:00—03:00 LT). These diurnal variations of CAC are
similar to those of high clouds (not shown) although high clouds reach their maximum a
few hours earlier than CAC. On the other hand, oceanic cloudiness (both HC and CAC)
shows maxima around 18:00 LT. The time of the maximum is generally consistent with
previous studies (e.g. Duvel, 1989; Udelhofen and Hartmann, 1995; Soden, 2000; Tian
et al., 2004).

The convective regions show a noticeable diurnal variation of UTH with a larger
amplitude over land, as noted by other studies (Soden, 2000; Tian et al., 2004). Despite
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the height difference, the diurnal variation of MTH is nearly identical to that of UTH
(not shown). The land-sea contrast in the timing of the maximum is revealed. While
UTH and MTH tend to peak in the early morning (03:00-06:00 LT) over land, their
peaks over the open oceans occur a few hours earlier, i.e., around midnight. The
timing of the maximum over land is qualitatively consistent with results from radiosonde
observations at local sites (Dai et al., 2002; Machado et al., 2002). Coastal oceanic
regions show later peaks compared to the open oceans. The general patterns of UTH
diurnal variation are consistent with the results of Soden (2000) and Tian et al. (2004).
But those patterns are slightly different from the results of Udelhofen and Hartmann
(1995) who reported the UTH maximum occurring around 06:00 LT.

Diurnal amplitudes and phases for January are given in Fig. 3. All parameters show
large diurnal amplitudes over South Africa and Brazil, following the seasonal movement
of convective centres. Although these convective areas show more homogeneous di-
urnal harmonics than in the July case, diurnal phases are qualitatively similar to those
found in July. However, noticeable differences are found over the ocean, particularly in
the South Atlantic Ocean. Outside the oceanic ITCZ, diurnal harmonics with substan-
tial magnitudes are found over areas off the east coast of Brazil, off the west coast of
Central to South Africa, and over the areas surrounding Madagascar. Those regions
tend to have later peaks of Pl in comparison to the equatorial Atlantic Ocean. The
morning maxima of UTH and MTH (~06:00 LT) are found over the oceanic areas off
the west coast of Central to South Africa. It appears that advection from South Africa
may account for those later peaks — see the wind field given in Fig. 1.

Diurnal anomalies of precipitation, cloud fractions, and free tropospheric humidity
for July are averaged over land and the ocean separately and the results are given
in Fig. 4. Grid points with the diurnal standard deviation of UTH less than 1% are
excluded, to reduce the influence of fluctuations that are irrelevant to the diurnal cy-
cle. Vertical bars represent standard errors for each hourly mean. The averaged PI
(and DC) anomaly over land increases rapidly after 11:00 LT and reaches a maxi-
mum around 18:00 LT. The maximum anomaly of CAC is observed in the nighttime
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(~02:00 LT), i.e. 8 hours after the DC maximum. Diurnal variation of HC is nearly in
phase with that of CAC except for a broad peak in the evening to midnight, suggesting
an increase of cloud in lower and warmer parts of the atmosphere at night.

Diurnal anomalies of UTH and MTH with maxima around 03:00 LT are nearly iden-
tical over land, although MTH lags a little behind UTH. On the other hand, the minima
of free tropospheric humidity are observed between 15:00 LT and 18:00 LT during the
initial increase in precipitation. This can be explained by the enhanced drying effect of
clear-sky pixels in association with the subsidence compensating the convective lifting
(Schmetz et al., 2002a). The general trend of UTH follows CAC except for the location
of the minimum.

Convective regions in the Atlantic Ocean show an early morning peak of rainfall
(~07:00 LT) in July. Note that amplitudes are smaller and standard errors are rela-
tively larger, suggesting that diurnal variations of the rainfall over the ocean are much
weaker than those over land. DC shows a maximum around 14:00 LT with a secondary
maximum around 07:00 LT, suggesting that the diurnal variation of precipitation is not
directly related to deep convection. By contrast, HC attains its maximum fraction in
the late afternoon (17:00-18:00 LT), lagging precipitation by nearly 12h. Unlike the
land case, HC and CAC show a nearly identical peak. This indicates that HC is mainly
composed of CAC, implying that the oceanic convection is weaker than that over land,
as noted in Soden (2000) and Liu and Zipser (2005).

Diurnal anomalies of UTH and MTH over the ocean show a broad peak during the
night, starting right after HC and CAC reach their maximum around 18:00 LT. The
minima of free tropospheric humidity are found between 12:00 LT and 15:00 LT. Also
noted is the larger time lag, around 9 h, between CAC and free tropospheric humidity,
in comparison to the much smaller time lag over land.

Diurnal anomalies for January over land are similar to the July case except for a
relatively distinct peak of HC around 19:00 LT — see Fig. 5. The HC reaches a maximum
around 19:00 LT and slowly decreases during the night, similar to the precipitation
pattern. Seasonal differences in diurnal variation appear to be small over land. Again,

361

ACPD
7, 351-381, 2007

Diurnal variation of
UTH

E. S. Chung

EG

C


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/351/2007/acpd-7-351-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/351/2007/acpd-7-351-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

a similar trend is shown between CAC and UTH/MTH.

Over the ocean, although cloud fractions show nearly identical variations to the
July case, substantial differences in the PI variation are noted. Besides a morning
peak around 07:00 LT, another peak with a larger magnitude is found in the afternoon
(~15:00 LT). Harmonic dials over coastal areas seem to account for the afternoon peak
(Fig. 3a). Slight time differences of maxima are also noted for UTH and MTH, as noted
in the July case.

In summary, the results from the harmonic analysis and averaged anomalies indicate
that PI (and DC) over land tends to peak generally in the late afternoon to early evening,
preceding the CAC maxima by about 9h. The free tropospheric humidity (both UTH
and MTH) over land reaches its maximum in the nighttime, similar to CAC, lagging
precipitation and high cloud by about 9 h. Over the ocean, the prevalence of rainfall in
the morning is evident except for the area near the coastal regions (e.g. the Gulf of
Guinea). However, DC attains the maximum in the early afternoon followed by the HC
and CAC maxima. An evident difference from the land case is that UTH and MTH over
the ocean tend to peak 9 h later than the CAC maximum. Seasonal differences in the
timing of maximum appear to be small over both land and the ocean.

It is of importance to note that nearly the same trend occurs between CAC and
UTH/MTH in particular after the DC maximum. Such resemblance supports the notion
that the evaporation of ice particles from CAC play only a small role in moisturising
the upper troposphere, as asserted in Luo and Rossow (2004), and that the ice water
contained in the cirrus is too small to account for the moistening of the upper tropo-
sphere. Noting that both CAC and UTH tend to increase rapidly after the DC maximum
at around 18:00 LT and reach their maxima around 03:00 LT over land, the decay of
deep convective cloud seems to be the main source supplying moisture to the up-
per troposphere as well as creating cirrus anvils. The development of deep convective
clouds and their associated updraft transports cloud condensates and water vapour up-
ward into the higher altitudes. By contrast, during the decay period of deep convective
clouds, condensates are likely detrained from convection cells into their surroundings
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following the diverging flow, directly moisturising the upper troposphere while forming
cirrus anvil clouds.

3.2 EOF analysis

An EOF analysis is conducted in order to examine how geographically varying features
of convection and upper tropospheric humidity are related to the temporally varying
diurnal cycles shown in the harmonic analysis. It may also help to understand physical
processes which may lead to diurnal variations of those parameters.

Figure 6 shows the geographical distributions of two leading EOF modes for the
first harmonic components of PI, DC, CAC, and UTH for July. Spatial patterns are
smoothed for clarity. The first modes of Pl and DC explain around 87% of the diurnal
variations while CAC and UTH explain variations around 80%. The first eigenvectors of
Pl and DC exhibit similar spatial patterns, in which maximum areas are located over the
convective areas in Central Africa. However, smaller magnitudes of eigenvectors are
found only over limited oceanic areas off Guinea, with an opposite sign in comparison
to that shown in Central Africa. Geographical distributions of the first EOF modes for
CAC appear very similar to those for Pl and DC.

The principal components of the first mode for Pl and DC are similar to each other,
with a maximum around 20:00 LT and a minimum around 08:00 LT. Although the first
EOF vectors for Pl, DC, and CAC look alike, the principal component of CAC is very
different from other two (Fig. 7). The CAC tends to have a maximum around 02:00 LT
and a minimum around 14:00 LT. This time lag between the maximum of PI/DC and
CAC can be explained by anvil spreading and/or exposure of the lower part of the high
cloud due to the evaporation of the upper part of the convective cloud.

Geographical distributions of the first EOF mode for UTH, in the left bottom panel of
Fig. 6, appear to be very similar to the other three (PI, DC, and CAC) except for a more
latitudinally elongated pattern extending to the Caribbean Sea along the ITCZ. The
explained variance of about 81% is similar to that for CAC. The first EOF mode for MTH
appears to be nearly identical to that for UTH (not shown). Time series of the principal

363

ACPD
7, 351-381, 2007

Diurnal variation of
UTH

E. S. Chung

EG

C


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/351/2007/acpd-7-351-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/351/2007/acpd-7-351-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

components of UTH and MTH again show nearly the same pattern (Fig. 7a), with
maxima around 03:00 LT and minima around 15:00 LT. The principal components of the
first EOFs of five variables indicate that the precipitation maximum takes place around
20:00-21:00 LT along with the development of deep convection. The Pl maximum is
then followed by the CAC maximum with nearly a six hour difference. After one or
two hours, the UTH/MTH maxima occur over most of the convective regions over land,
showing the 8—9 h difference from the precipitation maximum.

The right panels of Fig. 6 present the geographical distributions of the eigenvectors
for the second EOF modes. The second modes for Pl and DC explain about 13% of the
total variance and up to 20% for CAC and UTH. Thus, diurnal variations are completely
resolved by two independent modes. The first EOF appears to be related to land-sea
contrast and latitudinal dependence of solar heating, while the weaker second mode is
likely to be associated with topographical variations over North Africa. Positive areas
are more or less situated on high altitudes such as the highlands from Ethiopia to
the Arabian Peninsula, relatively high regions from Lake Victoria to west Sudan, and
the Central African Republic to Nigeria. In contrast, negative areas of Pl and DC are
found in the Central African lowland areas such as southeast Sudan, west Chad, and
the Sahel. The CAC also shows a similar geographical distribution, but seems to be
extended further to the Atlantic Ocean along the ITCZ than Pl and DC. It is also of
interest to observe that Pl and DC show maxima in the early afternoon (~15:00 LT)
5—6 h earlier than ones shown in the first mode.

Spatial distribution of the second EOF mode for UTH is close to that for CAC except
for Ivory Coast and Ghana, and the adjacent ocean areas. MTH also shows a similar
geographical distribution (not shown). Corresponding principal components indicate
that UTH and MTH reach maxima in the morning (around 09:00 LT and 10:00 LT) over
Central Africa, and around 21:00 and 22:00 LT along the ITCZ in the Atlantic Ocean,
respectively. The results appear to be consistent with those from Machado et al. (1993)
who reported that small convective cloud cells over West Africa develop between 12:00
and 15:00 LT and then grow or merge into larger clusters later.
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In this EOF analysis, the same trends of CAC and UTH (and MTH) are also shown
with a lag behind DC; i.e.: an early period of moistening (or CAC increase) occurs in the
developing period of deep convective clouds whereas a later period of moistening (or
CAC increase) corresponds to the decay period of deep convective clouds. However,
their eigenvectors show similar features to each other, suggesting that the mechanisms
of developing and decaying deep convective cloud are also responsible for CAC and
UTH evolution.

4 Diurnal variation in Lagrangian framework

Cloud and humidity features in the Meteosat-8 6.2 um channel measurements are
tracked for July 2004 to examine the diurnal variations in a Lagrangian framework. The
forward trajectories are constructed by applying a cross-correlation method to succes-
sive images of 6.2 um channel brightness temperatures, as described in Soden (2004).
Pattern matching is performed by defining a square target box (400x400 km2) which
is composed of roughly 17000 image pixels. The spatial pattern of a target box at
time t = T is compared with the patterns in all boxes on the following image (t = T+At)
within a radius of 500 km. The box with the highest spatial correlation at time t = T+At
is determined to be the destination box. The reliability of this search is checked by a
backward pattern matching in which the destination box at time t = T+At is defined as
a target box. Pattern tracking is terminated if the backward pattern matching yields a
destination box different from the initial target box. If the pattern matching is successful,
the destination box becomes the new target box and cross-correlations are calculated
with all possible destination boxes at time t = T+2At.

An example of forward trajectory analysis is given in Fig. 8. Constructed Lagrangian
forward trajectories indicate that cloud and humidity features generally make their way
into the subtropical subsidence regions, implying that moisture transport occurs from
convective regions to subtropical subsidence areas. It is also noted that clouds and
water vapour that originate from convective areas over land often propagate westward
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and thereby may affect the temporal variation of cloudiness and humidity over the trop-
ical Atlantic Ocean.

PI, cloud fractions, and UTH are produced at each box following trajectories, and
then averages are taken at each local time bin from diurnal variations over 3500 tra-
jectories. MTH is not considered here because the propagating features obtained from
the 6.2 um channel images generally represent the upper tropospheric layer, and the
MTH structural patterns are not very different from those of UTH. Diurnal variations
obtained for July 2004 are given in Fig. 9. Vertical bars denote the standard error of
each hourly mean. Over land, the diurnal variations appear to be very similar to the
ones noted in the Eulerian framework given in Fig. 4. Diurnal variations over the ocean
also exhibit qualitatively similar features to those shown in the Eulerian harmonic anal-
ysis except HC whose maximum occurred earlier by about 2—3 h. Besides the different
maximum location, Pl and DC show amplitudes twice as large as those noted in the
Eulerian framework. The diurnal variation of HC shows a broad peak between 07:00
and 13:00 LT. Such discrepancies in HC suggest that some of the high cloud systems
may be advected from land, in response to the mean upper-level wind, while CAC orig-
inates in association with the local convective system. Nevertheless, the overall near
similarity of diurnal variations of cloud and humidity variables between the Eulerian and
Largrangian frameworks in both land and ocean suggests that the advection effect on
diurnal variations at least over the African continent and the adjacent Atlantic Ocean is
less significant than the local processes such as daytime solar heating and orography.

5 Summary and conclusions

Diurnal variations of upper and middle tropospheric humidity have been examined in
conjunction with diurnal variations of precipitation intensity and high clouds (i.e., deep
convective cloud plus cirrus anvil cloud) over tropical Africa and the adjacent tropical
Atlantic Ocean. For this purpose, Meteosat-8 measurements for July 2004 and January
2005 are used. The local times of maxima and minima are summarised in Table 1 with
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a comparison to results from previous studies (e.g. Udelhofen and Hartmann, 1995;
Soden, 2000; Tian et al.,, 2004). In agreement with previous studies, we find that
deep convection and high cloud over North Africa tend to peak generally in the late
afternoon and the early evening, respectively. For ocean areas, the Pl maximum occurs
in the morning, followed by the high cloud maximum in the late afternoon. However,
coastal water regions (e.g. the Gulf of Guinea) show a maximum of precipitation in the
afternoon. The fact that the UTH diurnal variation is rather similar to deep convection
is also generally consistent with previous studies, except for a slight difference over the
ocean.

Significant UTH diurnal variations are observed over the convective regions, with a
relatively larger diurnal amplitude over land. The UTH tends to reach a peak centered
around 02:00-03:00 LT over land. In contrast, a broad peak during the night is shown
over the ocean. Despite the altitude difference, UTH and MTH exhibit nearly identical
diurnal variations. It is also noted that the seasonal difference in the diurnal variation
is generally small over both land and ocean. Finding that diurnal variations in the
Lagrangian framework are very similar to those in the Eulerian framework, we are led
to suppose that most of convective activities and their associated moistening in the
upper troposphere over the African continent and the tropical Atlantic Ocean are likely
to be less affected by advection.

Decomposition of diurnal anomalies using a set of EOFs reveals that diurnal varia-
tions of moisture and cloud parameters are mainly associated with continental-scale
solar heating. Centres of convective activity are over equatorial Central Africa during
the summer, and over equatorial southern Africa during the winter in agreement with
the known location of the ITCZ. On the other hand, substantial regional variations of up
to 20% appear to be due to the topography over the North African convective regions.
This orographically-related signal seems to develop earlier around the mid-afternoon
and merge into stronger and broader continental-scale convection clusters later, form-
ing a precipitation maximum in the late afternoon.

The diurnal variation results obtained from harmonic analysis, EOF analysis, and La-
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grangian analysis show a close similarity for the spatial patterns of CAC and UTH, while
both CAC and UTH lag behind DC. Analysis indicated that CAC and UTH increase fol-
lowing DC development with a time lag, and then increase continuously during the
decay period of deep convection. This similarity between CAC and UTH supports the
notion that evaporation from CAC during the decay phase plays only a small role in the
moistening the upper troposphere. The mechanism of developing and decaying deep
convective cloud appear to be more responsible for the evolution of CAC and UTH. We
suggest that the upward transport of water vapour is an integral part of the formation
and dissipation of deep convective clouds; as such this process is responsible for the
moistening of the upper troposphere. The finding that CAC and UTH increase in a
coherent manner after the convection maximum, suggests that dissipating deep con-
vective clouds are responsible for the increase, presumably through anvil spreading
and the subsequent evaporation of hydrometeors from the deep convective clouds.
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Table 1. The local time of maxima and minima (in parenthesis) of deep convection (precipitation
index and deep convective cloud), high cloud, cirrus anvil cloud, UTH, and MTH. Results from

E. S. Chung
Udelhofen and Hartmann (1995), Soden (2000), and Tian et al. (2004) are also included for

comparison. L and O represent land and ocean, respectively.

Udelhofen and Hartmann (1995) Soden (2000) Tian et al. (2004) This study

Domain 15°N-15°S, 142.5°W-52.5°W 30°N-30°S, 30°N-30°S 30°N-30°S,
120°W-30°W 50°E-50°W

Period 12—-16 August 1991 June-August, July, 1999 July, 2004 January, 2005
1987

Deep convection — — L: 1800 (1000) L: 1800-2100 L: 1800 (1100) L: 1700 (1000)
0O: 0600-0700 (0900) O: 0700 & 1400 O: 1500 & 0700
(2100) 0O: 0900 (2100) (2100) (2300)

High cloud 2000 (1000) L: 1800 (1000) L: 2100 (1200) L: 2000 (1200) L: 1900 (1100)
0: 1700 (0900) O: 1600 (0600) 0O: 1700 (0900) O: 1800 (0900)

Cirrus anvil cloud - - - L: 0200 (1200) L: 0200 (1200)

0O: 1800 (0900) O: 1800 (1000)

UTH 0600 (1800) L: 2200 (1200) L: 0300 (1500) L: 0200 (1600) L: 0300 (1500)
O: 2000 (1000) O: 0000 (1200) 0O: 0200 (1300) O: 0400 (1500)

MTH - - - L: 0200 (1600) L: 0300 (1500)

0O: 0200 (1300)

O: 0400 (1700)
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Window Channel Brightness Temperature (TB,)

Rl 300N
208 208
L] 108
2] EQ
LI s
05 s

UTH and 200 hPao Wind

Ww o aw im :e:mmﬁu’“immmmmo

1€ 20 ME al€

Fig. 1. Geographical distributions of monthly mean TB,, (top) and UTH (bottom) for July 2004
(left panels) and January 2005 (right panels). Units of TB44, and UTH are K and %, respectively.

The 200 hPa wind fields (unit: m s'1) from the NCEP/NCAR Reanalysis are superposed on the

distribution of UTH.
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Fig. 2. Diurnal amplitudes and phases of (a) precipitation index, (b) deep convective cloud,
(¢) cirrus anvil cloud, and (d) UTH for July 2004. The length of the arrow depicts the diurnal
amplitude (10 mm day‘1 for precipitation index, 10% for clouds, and 7% for UTH).
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Fig. 3. Same as in Fig. 2, but for January 2005.
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Fig. 4. Diurnal anomalies in precipitation index (mm day‘1), clouds (%), and free tropospheric
humidity (%) for spatial averages over land regions (left) and ocean regions (right) in July 2004.
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Vertical bars represent the standard errors for each hourly mean.
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Fig. 5. Same as in Fig. 4, but for January 2005.
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Fig. 6. Spatial patterns of two leading EOF modes: (a) precipitation index, (b) deep convective EG

cloud, (c) cirrus anvil cloud, and (d) UTH.
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Fig. 7. Time series of corresponding principal components for the first EOF modes (upper
panel) and the second EOF modes (lower panel). Principal components for MTH are also

included.
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Fig. 8. Examples of Lagrangian forward trajectories constructed from Meteosat-8 6.2 um chan-
nel images. Each cross represents the starting point of each trajectory.
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Fig. 9. Lagrangian diurnal variation in precipitation index (mm day ™), clouds (%), and UTH (%)

averaged from convective trajectories over land regions (left) and ocean regions (right) in July
2004. Vertical bars represent the standard errors for each hourly mean.
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